The continuous use of load-bearing road surfaces often results in degradation over time, particularly if they are constructed from cement or aggregates that were poorly polished. Surfaces prepared from calcined bauxite exhibit good skid resistance properties, and this work describes a comparison of the wear resistance of six different kinds of calcined bauxite with the aim of identifying the best material for road construction. Our results suggest that wear resistance of calcined bauxite is not only related to its hardness, but also dependent on the hardness dispersion throughout the aggregate and its elastic modulus. These data provide important information to enable the correct grade of bauxite clinker to be chosen for constructing high-friction road surfaces with good wear and skid resistance properties.
Introduction
The anti-skid performance of asphalt pavements, especially cement surfaces, can degrade quickly over their service periods, resulting in a decline in both their road service capacity and their safety. Although, cementitious aggregates were shown to display comparable aggregate properties [1] , these artificial aggregates still produce inferior wear resistance to calcined bauxite results when used for road construction [2] . Calcined bauxite is an aggregate that provides a high level of skid resistance to road surfaces over a long period of time [3] .
Bauxite clinker is one of the main raw materials used to produce traditional refractory materials. It is formed by crushing, sieving, and calcination in a kiln, followed by pulverization into particles with different sizes used in road pavement [4] . The HFS (high-friction surfacing) industry in the United Kingdom, the United States, and Ireland uses refractory grade calcined bauxite mostly imported from China. It is estimated that China produces 95% of the global refract Bauxite for various industries [2, 3, 5] . Shanxi Province accounts for 42% of the total national savings. Bauxite clinker has excellent wear resistance and skid resistance, which is determined by its own characteristics. The types of bauxite, the calcination process, and the processing of the bauxite ore have an important influence on the structure and performance of the bauxite clinker [6] . The bauxite distributed in Shanxi province is mainly of the dawsonite-kaolinite type (D-K type). D-K type bauxite is a basic type of bauxite mineral with a good texture, which is suitable for manufacturing various refractory materials [7, 8] . At present, there are mainly two kinds of firing equipment for Shanxi bauxite mines: a vertical kiln and a rotary kiln. Rotary kilns have a large production capacity, a high degree of automation, and a stable and uniform product quality. Therefore, there are more than 60 rotary kilns in the Shanxi province. Due to the heterogeneity of bauxite, calcined bauxite clinkers also have certain differences. At present, bauxite clinkers are mainly divided into six grades according to the Al 2 O 3 content, whereby higher Al 2 O 3 contents define a higher grade [7] .
Based on the different grades of bauxite clinker, there is certain blindness in the selection of bauxite clinker in application. In addition, the reason for bauxite clinker having excellent wear resistance and skid resistance is unknown. This paper mainly provides a reference for the selection of pavement anti-skid aggregates by solving these problems.
The influence of aggregates on skid resistance of road surfaces was investigated by a number of researchers, with Wang reporting that the long-term anti-skid performance of road surfaces was dependent on the anti-polishing effect and polished stone value content of their aggregates [9] . Aggregates with polished stone values greater than 50 are normally used to construct road surfaces used by heavy and medium traffic, Aggregates with a polished aggregate value of less than 44 should be applied for low-grade highways [10] . Wang et al. used Wehner-Schulze tests to evaluate the polishing resistance of coarse and fine aggregates, and found that the polishing resistance of the fine aggregates was greater [9] . The physical properties of the different aggregate grades determine their anti-skid properties. Wasilewska et al. reported that the good anti-polishing properties of thick basalt were due to the presence of particles with diameters lower than 0.02 mm, conferring them with a cryptocrystalline texture [10] . Rezaei et al. proposed a model to predict the skid resistance of asphalt pavements based on the grade of aggregate used [11, 12] . The intervals between the aggregates also had an important effect on the skid resistance of asphalt pavements [13] . However, despite substantial research carried out on the anti-sliding performance of aggregates, investigations into their wear resistance performance were less well explored.
Several methods were proposed for measuring aggregate polishing resistance, including the most widely used polishing stone value (PSV) test that uses the British Pendulum Tester method [14] to evaluate skid resistance, and the Penn State reciprocating polishing machine method [15] . In recent years, the Wehner-Schulze test for measuring the polishing resistance of coarse aggregate also became more established [16] , whilst Xie carried out polishing resistance measurements using an accelerated polishing machine using real tires for testing [17] . However, there is currently still no standard evaluation method that is universally recognized as a standard method for determining the skid and wear resistance of aggregate minerals.
Although the physical properties of aggregates clearly determine their overall performance as road surface materials, little is known about how these properties affect their wear resistance. Therefore, we decided to investigate the wear resistance of six different types of calcined bauxite. We determined the effect of the aggregate hardness of the calcined bauxites on their wear resistance as a function of time, using the phase proportion, the pore structure, Young's modulus, and the nano-hardness and friction wear tests.
Experimental Materials and Methods

Performance Testing of Raw Materials
This study selected six types of bauxite clinker from Yangquan City, Shanxi Province, China. They were classified as A, B, C, D, E, and F according to their Al 2 O 3 content. The different grades of calcined materials are shown in Figure 1 . In total, 50 g of bauxite clinker was selected for each grade. Six types of calcined bauxite aggregate were washed with distilled water and vacuum-dried at 105 • C for 8 h. Before use, aggregates were ground into powder with particle sizes of around 40 µm. X-ray diffraction (XRD) was then used to determine the structures and phase proportions (mass percentage) of the calcined bauxite (Table 1 ). Six different calcined bauxite samples with an aggregate size of 4.75 mm were selected. Then, the samples were washed with distilled water and vacuum-dried at 105 • C for 8 h. Mercury injection tests were conducted using an AutoPore IV 9500V1.09 apparatus (Micromeritics Company of the United States, Lanzhou, China), and the results of the porosity tests are shown in Figure 2 . 
Friction-Wear Testing Results
An friction-wear testing machine was used to measure the friction coefficient and wear rate of the six types of calcined bauxite (see Figure 3 ) using the loading mode shown in Figure 4 . The hardware configuration used for these tests comprised an electronic balance, a loading force sensor of 500 N, a friction force sensor of 100 N, a reciprocating motion module, and a confocal microscope. 
Sample Preparation
Each of the six types of calcined bauxite was cut into small cuboid pieces with a length of 30 mm, a width of 20 mm, and a height of 7 mm, with duplicate small cuboid pieces, before being dried and stored before analysis. Three samples were prepared for each bauxite clinker and the average value of the samples was used as the final test result.
Test Procedures
(1) Weighing All samples were weighed before and after testing using an electronic balance, with duplicate samples of each bauxite grade measured in all cases, and their average values determined.
(2) Specimen analysis The upper sample chamber of the wear testing machine contained WC (Wolfram Carbide) hard alloy balls with a diameter of 9.6 mm, with the lower sample chamber containing the calcined bauxite samples.
(
3) Friction test
Identical friction test conditions were used to analyze the samples (see Table 2 ). The WC (Wolfram Carbide) hard alloy ball was attached to a ball fixture throughout the test. The lower specimen was fixed to the reciprocating drive platform by the lower plate clamp, with the upper ball samples remaining stationary and the lower calcined bauxite specimens undergoing reciprocating motion. Friction forces, loads, and friction coefficients were recorded in real time for an acquisition frequency of 1000 Hz. Confocal microscopy was used to analyze the surface morphology of the calcined bauxite samples for wear marks after the friction test was carried out (see Figure 5 ). (5) Evaluation of wear resistance A weight-loss method was used to quantitatively evaluate the wear resistance of the calcined bauxite aggregates tested, with Equation (1) used to calculate their wear resistance [18] .
where ε is the wear resistance of material, and W is the wear rate of the material as a function of unit time (or unit movement distance).
Determination of Young's Modulus and Nano-Hardness Testing
The nano-hardness of the calcined bauxite samples was determined using a nano-indentation system employing a Hystrion Ti-950 nanomechanics test system. A Vickers indentation head with a load range of 70 nN-10 mN was used for analysis, with a maximum pressure displacement of 5 µm and a maximum force of 10 mN.
Nano-hardness values (H) were calculated using Equation (2) [19] .
where P max is the maximum load, and A is the contact area.
Specimen Preparation
The height of the specimens used in the friction tests ranged from 3 to 10 mm, with their up and down planes having a parallel orientation. The surfaces of all specimens were polished using a polishing machine for around 8 h using an Al 2 O 3 polishing solution and a horizontal vibration drive speed of 7200 r/s, with samples then subjected to secondary polishing using a vibration polishing machine (BUEMLER). Microscopic analysis was used to determine the smoothness of the samples with surface fluctuation amplitudes of <100 nm being observed in all cases.
Test Procedures
The testing instrument adopted a nano-mechanical testing system. Specimens were mounted for microscopic analysis, with different phases in each bauxite sample appearing as different colors under the microscope and three measuring points for each different colored area used to determine the nano-hardness and Young's modulus values of each phase (see Figure 6 ). Each sample was subjected to three parallel tests in areas with the same color. 
Results and Discussion
Friction-Wear Test Results
The friction coefficient and wear rates of the six kinds of calcined bauxite were obtained using a friction-wear testing machine; then, the abrasion resistance was calculated using Equation (1). The calculation results showed that the abrasion resistance of bauxite clinker decreased from high to low in the order C > D > F > E > A > B (see Figure 7 ), and their respective friction coefficients ranged from small to large in the order C < F < D < E < B (see Figure 8 ). Therefore, these results revealed that there was no direct correlation between an aggregate's friction coefficient and its wear rate. The friction coefficient describes the lubrication effect of the material, while the wear rate reflects its rate of erosion, which ultimately determines its overall service life. Ideally, anti-skid materials used to prepare road surfaces should exhibit high friction coefficients and good wear resistance, with the values obtained for our aggregates tested indicating that samples D, E, and F were the most appropriate calcined bauxite materials for road surface applications. 
Nano-Hardness Test Results
Determination of Average Hardness
Because the hardness in the black areas was sufficient to produce discrete test results, so the slopes of the curves and the hardness values could not be obtained in these regions. However, the load-displacement curves in the gray and bright-white areas showed a significant regularity.Three test points were selected for each gray area and bright area. The distribution of the measured values is shown in Figures 9 and 10 . In the gray area, the hardness of bauxite type A was 10.40 ± 1 GPa, that of type B was 13.36 ± 0.3 GPa, that of type C was 13.79 ± 1 GPa, that of type D was 16.91 ± 1 GPa, and that of type E was 15.98 ± 0.4 GPa. Type F bauxite had a hardness of 20.50 ± 0.6 GPa. In the bright-white areas, the hardness of bauxite type A was 8.01 ± 2 GPa, that of type B was 12.31 ± 3 GPa, that of type C was 13.81 ± 2 GPa, that of type D was 12.53 ± 2.5 GPa, that of type E was 8.66 ± 1 GPa, and that of type F was 4.4 ± 2 GPa. The gray area had a relatively small hardness variation, whereas the hardness in the bright-white area varied much more. The difference in hardness between these two areas was higher for types D, E, and F. This indicates that higher bauxite clinker grades have a greater hardness difference between different areas.
The test data close to the average values were selected as the final result for this area (Figure 11 ). Analysis of the phase composition data revealed that the black areas were mainly composed of corundum, the gray areas were mainly composed of fine-grained alumina and mullite, and the small bright-white areas were mainly composed of quartz and aluminum titanate. Each of the calcined bauxites contained different phase proportions, with the hardness test results only reflecting the hardness value of a certain phase, and not representative of the overall hardness of the calcined bauxite sample. Therefore, an average hardness value (H nm ) was used to describe the overall hardness of the calcined bauxites, the values of which were calculated using Equation (3) [20] .
where H nm is the average hardness, h i is the hardness value of a certain phase i, and p i is the mass percentage of phase i in the phase composition. Because the hardness in the black area was too large and the test results were relatively discrete, the nano-hardness value of the black area was assumed to be 100 GPa [21] , with calculated average hardness values of the calcined bauxite samples then determined according to the proportion of each phase present (see Figure 12 ). According to these test results, the hardness of the six types of calcined bauxite could be classified as F > E > D > C > B > A.
Determination of Hardness Dispersion Values
The hardness dispersion value reflects the degree of hardness dispersion, i.e., the hardness uniformity of mineral rock and the adaptability of processing technology [19] . The different phase compositions of calcined bauxite result in large differences in hardness uniformity throughout the calcined bauxite; thus, it is necessary to consider each sample's hardness dispersion when considering the influence of hardness on their wear resistance performance, the values of which can be calculated using Equation (4) .
where S nm is the dispersion of nano-hardness in GPa, H nm is the average nano-hardness, H nmi is the nano-hardness of phase i, and p i is the overall mass percentage of a certain phase i in the phase composition. The hardness dispersion results of the calcined bauxite samples that were calculated using Equation (4) are shown in Table 3 . Young's modulus values describe the tendency of an object to deform along an axis when opposing forces are applied along that axis, with this term used as an indicator of the deformation resistance of a material. Figure 13 shows the load-displacement curve. The Young's modulus value (E r ) of a material is the ratio of positive tensile stress to tensile strain, which can be calculated using Equation (5) [22, 23] .
where S is the slope at the top of the unloading curve, A is the contact area, E r is the reduced elastic modulus, and β is a coefficient related to the head geometry.
Figure 13. A quasi-static nano-indentation load-displacement curve
Three test points were selected for each gray area and bright area. The distribution of the measured values is shown in Figures 14 and 15 . In the gray area, the Young's modulus of bauxite type A was 107.72 ± 10 GPa, that of type B was 87.46 ± 1 GPa, that of type C was 187.54 ± 7 GPa, that of type D was 193.73± 6 GPa, and that of type E was 171.35 ± 8GPa. Type F bauxite had a Young's modulus of 221.06 ± 5 GPa. In the bright-white areas, the Young's modulus of bauxite type A was 131.82± 15 GPa, that of type B was 82.6 ± 2 GPa, that of type C was 125.9± 25 GPa, that of type D was 174.3± 40 GPa, that of type E was 116.15± 10 GPa, and that of type F was 44.11 ± 16 GPa. The gray area had a relatively small Young's modulus variation, whereas the Young's modulus in the bright-white area varied much more. The difference in Young's modulus between these two areas was higher for types D, E, and F. This indicates that higher bauxite clinker grades have a greater Young's modulus difference between different areas.
The test data close to the average values were selected as the final result for this area (Figure 16 ). The Young's modulus value of a material describes its elastic deformation properties, whilst hardness values describe the material's ability to undergo plastic deformation, with both values important in describing its overall mechanical properties when subjected to strain. Application of a small force to a material will result in a linear force-deformation relationship, the slope of which is determined by its Young's modulus. However, larger forces result in non-linear stress deformation that can result in irreversible plastic deformation of the material. The hardness value of any material is a good indicator of its ability to resist plastic deformation, with a harder material less likely to undergo plastic deformation. The Young's modulus and hardness in the gray areas were relatively large, with the corresponding values in the bright-white areas relatively small, meaning that the mechanical properties of the gray areas were more optimal than those of the bright white areas.
Homogenization Model for Equivalent Young's Modulus
Huang [24] and coworkers evaluated the effect of the presence of pores on the physical properties of inorganic materials using a two-step homogenization method, with their approach applied herein to analyze the properties of the aggregates. Calcined bauxite can be considered to comprise a mixture of corundum, molystone, and mixed quartz phases containing medium-sized pores [24, 25] . A two-step homogenization method was used to model the micromechanical properties of each of the components, thus enabling a macro-mechanical model of the whole system to be constructed. The first step of the transformation process was to homogenize the quartz phase and its associated pore structure into a uniform quartz pore medium. The second step was to homogenize the corundum, mullite, and quartz pore medium into a homogeneous material whose physical properties accurately reflected those of calcined bauxite. This homogenization approach enabled the macro-mechanical properties of the different calcined bauxites to be calculated using Equations (6)- (14) .
The first calculation steps of the homogenization process were as follows:
where E hom is the equivalent Young's modulus, ν hom is the equivalent Poisson's ratio, f r (r = 0, 1) indicates the volume fraction of corundum and mullite in calcined bauxite, k r and µ r are bulk modulus and shear modulus terms, respectively, and k s and µ s are the bulk modulus and shear modulus of the quartz phase, respectively, with values calculated by Equations (12) and (13), respectively. Additionally, f s is the volume fraction of quartz, ϕ is porosity, and the porosity values for quartz were substituted by the porosities of calcined bauxite of different grades in these analyses. k hom and G hom are, respectively, the homogenized bulk modulus and shear modulus. The test results based on the modulus of the corundum phase proved to be inaccurate; thus, a literature value for the Young's modulus E r of the corundum phase of 480 GPa was substituted [26] . The Young's modulus E r of mullite was determined as 161 GPa based on the average value of the tested modulus in the gray area. The Young's modulus of the remaining phase was selected as 112 GPa according to the average value of the tested modulus in the bright-white area.
The k r and µ r parameters were calculated according to the measured Young's modulus of Figure 16 . The k s and µ s parameters for quartz were calculated according to Equations (12) and (13) , and the porosity is shown in Figure 2 . The f r parameter for r = 0, 1 was the volume fraction of corundum and mullite in the calcined bauxite, and the Poisson ratio was 0.2. Then, we calculated the equivalent Young's modulus of the six bauxite clinkers. The results are shown in Figure 17 . The values firstly increased from A to E, then decreased for the higher grade F because the higher titanium content decreased the Young's modulus compared to E. 
Mechanical Analysis of Nano-Indentation Properties
Indentation curves of the calcined bauxite samples were analyzed and compared, enabling a series of load-displacement curves to be obtained that were used to qualitatively determine their mechanical properties. Figures 18-20 show that the load-displacement curves of the main phase components of calcined bauxite had the same shape, with their loading processes roughly divided into a compression phase, a linear Young's modulus stage, and an unloading stage. The load-displacement curves for the gray and bright-white areas were relatively smooth, whilst the load-displacement curves in the black area were more discrete. In addition, although test points were collected for the same colored areas, large variations between these results indicated that the phase composition at different sites of the same color might not be uniform. The testing results presented in Figure 19 are significantly different because micro-cracks occurred in the test samples, whilst phases were often discontinuous due to the depth of the head probe being increased as greater loads were applied. This is because the hardness of the material in these areas was too high, leading to the pressure head becoming deformed. The load-displacement curves reveal that higher grades of calcined bauxite result in the indentation depth being lower at the moment of initial yield in the loading curves. As the grade of calcined bauxite increases, so does its corundum composition, with greater black areas corresponding to greater hardness. Figure 19 reveals that the smooth load-displacement curves in the gray area were more uniform. However, the indentation point of material B generated micro-cracks, which resulted in a non-continuous phase producing a step-shaped line. The phase ratios and compositions of material in the gray area of different kinds of calcined bauxite also exhibited large differences, resulting in varying load-displacement curves. High-grade calcined bauxite had a larger Young's modulus and experienced smaller plastic deformation, whilst the phase uniformity of lower-grade calcined bauxite was poor, resulting in a smaller Young's modulus and larger plastic deformation. Figure 20 reveals the smooth load-displacement curves of phases in the bright-white areas, and, although the phase composition of the material in this area was more uniform, there was no obvious regularity of the load-displacement curves in this area. The mass percentage of all phases in this area was between 2.4% and 8.7% (see Table 1 ), which had little impact on the overall performance of the material.
Relationship between Wear Resistance and Different Properties
(1) Influence of average hardness and hardness dispersion on wear resistance The hardness dispersion of the six kinds of calcined bauxite was calculated using Equation (4), with correlations among the wear performance, average hardness, and hardness dispersion established by combining their wear resistance test results (see Figure 5 ).
After converting the calculated values of hardness discretion, average hardness, and wear resistance into logarithm values, binary nonlinear regression analysis was used for data fitting to establish their functional relationships using Equation (15) .
where S nm is the logarithm of the hardness discretion, H nm is the logarithm of the average nano-hardness, and ε is the logarithm of the wear resistance parameter.
Wear resistance values of the aggregates were shown to have a direct proportional relationship to their nano-hardness and hardness discretion values, meaning that the calcined bauxite possesses better wear resistance when its nano-hardness is high and its hardness discretion is large, with the hardness discretion value having the greatest influence on wear resistance values.
(2) Influence of modulus on wear resistance Young's modulus can be regarded as an index that measures the difficulty of elastic deformation of a material. Figure 21 shows that the equivalent Young's modulus is not directly related to wear resistance.
(3) Influence of resistance mechanical properties on wear Figure 18 shows that the load-displacement curves in the black area were more discrete, and Table 1 shows that the mass percentage of all phases in the white area was between 2.4% and 8.7%, which had little impact on the overall performance of the material. Figure 19 shows that high-grade calcined bauxite had a larger Young's modulus and experienced smaller plastic deformation, whilst the phase uniformity of lower-grade calcined bauxite was poor, resulting in a smaller Young's modulus and larger plastic deformation. 
Conclusions
The main objective of the study was to evaluate the wear resistance of six kinds of calcined bauxite and analyze factors influencing wear resistance, with the results of this study enabling the following conclusions to be drawn:
(1) Aggregates D, E, and F are the most appropriate calcined bauxite materials for road surface applications because they exhibit high friction coefficients and good wear resistance.
(2) Vickers hardness and nano-hardness values were found to increase for higher calcined bauxite grades, with a correlation formula developed that accurately describes their average hardness, hardness dispersion, and wear resistance.
(3) The equivalent Young's modulus values of the six types of calcined bauxite were calculated using a two-step homogenization method. High-grade calcined bauxite had a larger Young's modulus and experienced smaller plastic deformation, whilst the phase uniformity of lower-grade calcined bauxite was poor, resulting in a smaller Young's modulus and larger plastic deformation.
These results suggest that calcined bauxite aggregates with greater hardness, larger hardness dispersion values, and higher elastic modulus exhibited are best suited as materials for preparing road surfaces with good anti-sliding properties. Although calcined bauxite is a relatively expensive aggregate, its use on steep slopes, sharp turns, and other demanding road sections has great potential for reducing vehicle accidents. Furthermore, the excellent wear properties of calcined bauxite may potentially lead to extended road surface lifetimes that mitigate the initial costs of construction and are beneficial from a life-cycle perspective. China currently produces 95% of the globe's refractory bauxite, with global demand for this hard-wearing mineral from various industries likely to grow in the future [27] .
In addition, we presented an in-depth analysis of the factors influencing the abrasion resistance of different grades of bauxite clinker. Our results can provide a reference for the selection of aggregates in road pavements. The correct selection of the anti-slide aggregate is of great significance to improve the anti-slide durability of the pavement and to reduce the occurrence of accidents, ensuring the safety of road users.
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